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INTEODUGTTON 



Two double tube, cylindrical, longitudinally finned 
Leat exchanger^ in which Hot exhaust ppseq -pans through 
the aanulir sTRce pnd vent ilat inp «Jir -nasaes through the 
center tube h»ve been tested to determine he^t transfer 
and pressure dron performance. 

One of the exchanger" (?7 in. long) *» a s ■nrovided 
with eight longitudinal fins" 52 inches in width* (fig. l). 
The fins on the other tube were 6 Inches wide, tj laced end 
to en.i, soaced l/l6 inch (fig. 2). 

The tests v»ere conducted in order 

1. To establish a m"thod of predicting the -oerform- 
nce of longitudinally finned double tube heat excl-angrrs 

2. Ti-i comp .rp the performance of the two finned tubes 
with reference to the effect of fin width* 

3. To compare the performance of the finned tub«<? wi<-h 
the straight find dimpled tubes discussed in reference 1 

h. To determine the treasure drcn acrossi the finned 
tubes under isothermal and no r-i go thermal conditions 

ZXI-EBIHENTA.L E^UIPkEKT 

The natural gas test st"nd ■ described- in reference 1 
was utill«ed_ln all_ the_f lnned tube tests. 

•Throughout this rer>ort thp term "width" refers to the fin 
dimension in thp direction of fluid flow. The fin length 
refers to the dimerslon ■nT'nendicular tn the t»ub«» wall, 
and fin thickness refers to the remaining dlmenslor. 
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* - SYMBOLS 

A heat transfer area, ft a 

A g heat transfer area on gas side, ft a 

A u unflnned area of tube, ft 3 

A u unflnned area of tube on air side, ft 3 

A u unfinned area of tube on gas side, ft 3 

A w surface area of outer tube of annulus , ft 3 

B experimental constant, °T 

C experimental constant, °l/fi 

c p heat capacity at constant pressure, Btu/lb °3P 

Cp^ heat capacity of air at constant pressure, Btu/lb °I 

Cp heat capacity of gas at constant pressure, Btu/lb °T 

D diameter, ft 

D H hydraulic diameter, ft 

D ft hydraulic diameter of finned tube on air side, ft 
D g hydraulic diameter of gas annulus , ft 
V± inner diameter nt air tube, ft 
D 0 outer diameter of air tube, ft 
B experimental constant, °J 

e lf e a emiBaivitteB of inner and outer surfaces of annulus, 
respectively 

f unit thermal convective conductance, Btu/hr ft 3 °T 

(fA) e effective conductance of finned tube, Btu/hr °F 
(fA) ea effective conductance on air side, Btu/hr °7 
(f-O eff effective conductance on gas side, Btu/hr °J 
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(f&)fins effective conductance fnr finned tube, Btu/hr °F 

(f A) 8Ifl00 th eff BctiTB conductance for unfinned smooth 
" tube,' Btu/hr °T 

unit thermal connective conductance along tube, 
Btu/hr ft a 9 T 



ca 



unit thermal connective conductance along tube, on 
air aide, Btu/hr ft 3 °F 



unit thermal oonveotive conductance along tube, on 
e gas side, Btu/hr ft B °y ' 

D unit thermal conductance based on hydraulic diameter, 
Btu/hr ft 3 °iT 

y unit thermal conductance along fin, Btu/hr ft 3 °P 

unit thermal conductance along fin on air side, 
Pa Btu/hr ft 3 °J 

■m unit thermal conductance along fin on gas side, 
6 Btu/hr ft 3 °r 

f , unit thermal conductance based on vidth of finB, 
Btu/hr ft 3 °F 

f r equivalent unit thermal conductance for radiation, 
Btu/hr ft 3 °F 

F experimental oonstant, °F/ft 

?A shape modulus, the factor in the radiation equation 
vhich allows for the geometrical position of the 
radiating surfaces 

Fj, emiesivity modulus, the factor, in the radiation equa- 
tion which allows for the non-Planckian character 
of the radiation surfaces 

g gravitational force per unit mass, lb/(lb seo 3 /ft) 

a weight rate of flow per unit area, lb/hr ft 3 

O ft weight rate of flow per unit area for air, lb/hr ft 3 

°* Wel 6 h * rate of flow per unit area for gas, lb/hr ft 3 
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k thermal conductivity of fin material, Btu/hr ft 3 (°T/ft) 

k a thermal conductivity of air,. Btu/hr ft 8 (°F/ft) 

I width of fin in direction of fluid flow, ft 

L length of fin measured perpendicular to tube surface, 
ft 

L a length of fin measured perpendicular to tube surface 

on air side, ft 

L length of fin measured perpendicular to tube surface 
on gas side, ft 

N distance between pressure taps, ft 

n number of fins measured along circumference of tube 

F perimeter of fin in appendix 3, ft 

P x pressure at entrance to heat exchanger, lb/ft a 

F a pressure at exit from heat exchanger, lb/ft s 

q. rate of heat transfer, Btu/hr 

q a predicted rate of heat transfer, Btu/hr 

qjj measured rate of heat transfer, Btu/hr 

q naQ rate of heat transfer for unfinned tube, Btu/hr 

8 thickness of fin, ft 

tp average intensifier tube wall temperature, °F 

t y average temperature of outer wall of annulus , °P 

T absolute temperature, °fi 

T x absolute mixed mean temperature of sir entering heat- 
ing section, °A 

T 3 absolute mixed mean temperature of air leaving heating 
sect i on , °t-. 

T a arithmetic average absolute temperature of air in 
heater, °H 
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T 

arithmetic average absolute temperature of gas in 
heater, °R 

average absolute temperature of lntenslfier tube 
wall, °R 

average absolute temperature of outer vail of annu- 
lus . °R 

over-all unit conductance, Btu/hr ft 8 °J 

over— all conductance for any tube, Btu/hr op 

over-all conductance for finned tube defined by 
equation (28), Btu/hr oj" 

over-all conductance for unfinned tube defined by 
equation (26), Btn/hr °V 

fluid rate , lb/hr 

air rate, lb/hr 

exhaust gas rate, lb/hr 

defined in appendix B 

length of finnpd portion of tube, ft 

weight density of air at any temperature and pres- 
sure, lb/ft 3 

weight density of air at entrance to heating section, 
lb/ft 3 

pressure drop across pipe, lb/ft a 

Isothermal pressure drop across pipe, at temperature 
T, lb/fta 

Isothermal pressure drop due to friction at tempera- 
ture Tj, lb/ft a 

pressure drop per foot, lb/ft 8 /ft 

logarithmic mean temperature difference, °T 
isothermal friction factor 



a 



viscosity of air, l"b sec/ft 3 



T mixed-mean temperature of fluid at x = o (appendix 
1 B) p °r 

T mixed-mean temperature of air at entrance to heating 
al section, °F 

T mixed-mean temperature of air leaving heating section 
aa o r 

T ax mixed-mean temperature of air at any point x, °F 

T mixed-mean temperature- of gas at entrance to heating 
section, °P 

T mixed-mean temperature of gas leaving heating section 

T mixed-mean temperature of gas at any -point x, °P 
g x 

a 2 

T + T 
- -Si — 1§2 Oj 

T g i 

T mixed-mean temperature of fluid at any point x, °F 
x 

p r = & — x 3600, Prandtl modulus for air 

k a 

He = , Reynolds modulus for air (pipe) 

36OO \x & g 

He = , Reynolds modulus for air (flat plate) 



P 3600 n_ g 



a 

ANALYSIS OP TH3 MECHANISM OP HEAT TRANSFER IN A 
LONOITUDINALLT PINNED DOUBLE TUBE EEAT EXCHANGER 

In appendix B of this renort the following equation 
is derived for the rate of heat transfer to a fluid from 



a length dx of a longitudinally fi'nnea tube (neglecting 
the heat transfer from the ends of the fins): 

dq ejnV^skfy tanh J-i$ L + f ^ (ttD ~ na) J (t p - T x )dx (1) 
where 

dq rate of heat transfer from length of tube dx, Btu/hr 
n number of fins in length dx 
b thickness of fin, ft 

k thermal conductivity of fin material, Btu/hr ft 3 

f p unit thermal conductance along fin, Btu/hr ft a °F 

L length of fin, measured from base outward, ft 

f unit thermal conductance along tube surface, 
Btu/hr ft 3 °r 

D diameter of finned tube, ft 

t temperature of tube vail at r.oint x, °F 
P 

T x mixed-mean temuerature of gas at point x, P 3T 
x length of finned tube, ft 

For purposes of analysis equation (1) may be equated 

to: 

dq = (t p - T x )d(fA) e (2) 

where the product (fO e may be called the "effective con- 
ductance" of the finned tube. 

Thus, equating (l) and (2), and Integrating* the 
effective conductance of the finned tube becomes: 



•In the Ideal system the bracketed expression in equation 
(1) is postulated as constant with x. In the actual sys- 
tem this 1b only approximately true, since for narrow fins' 
fy will be shown to be inversely proportional to the 1/5 
power of the fin width (measured parallel to the direction 
of flow) in the turbulent flow region. 
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(fA) e = j n /sskfy tanh + * o ^ D - nB >] 



(3) 



The first term in the brackets represents the effective 
conductance of the fins. proper, and the second term the 
conductance of the pipe surface not covered by fins. 

It should he noted that, if either n or a becomes 
zero, equation (3) yields the conductance of a smooth un— 
finned pipe , that is, f c (ttDx) . 

If either fp or .k becomes zero, the conductance 
becomes f Q (nD — ns)z, that is, the fins act as insula- 
tors and reduce the effective heat transfer area of the 
tube. 

Thus in some exceptional cases poorly designed fins 
may actually r_fijiiiQ_a the ef f ectiveneee ■ of the tube. Under 
normal conditions, however, the heat transfer from the 
fins vill more than offset the reduction in the heat 
transfer from the tube proper brought about by the addi- 
tion of the fins. 

The expression for the effective conductance of the 
fins proper- (the first term in the bracketed expression 
of equation (3)) meritB further analysis. If the hyper- 
bolic tangent term is expanded in a power series (refer- 
ence 3, p. S3), 

H i a f ?£i N - 11 a L i f^y /a T 3 

ks = \ ks J 3 V ks J 




3 3 /SffV* . 
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(4) 



the term 



(fA) fins = [ B tanh /l* L J X (5 > 



becomes : 
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If the term — - is small (0.1 or lees), it is appar- 

ks 

ent that the thermal conductivity of the fin material k 
and the fin thickness s are immaterial in- determining 
the thermal performance of the- fin. 

2f y L a 

Tor many fins utilised in practice, the term — 

is cf the order of magnitude of O.3O to 0.40. liven for 
these magnitudes, hovever, inspection of equation- (6) 
reveals that the fin thickness and conductivity are of 
small importance. 

2 f r L 8 

If, on the other hand, the magnitude of — 

KB 

la ah out 4.0 or greater, the hyperholio tangent of 

approaches unity and the effective fin conduct- 
ance "becomes 

(fA) fin8 " n V 555 ! * <7) 

In this case the thermal conductivity of the fin material 
and the fin thickness are of direct importance, hut the 
magnitude of the fin length (measured perpendicular to the 
tube surface) becomes Immaterial. 

2f, L 3 

Por Intermediate magnitudes of — all the vari- 

ks 

ahles involved are effective. 

Equation (3) cannot be applied directly to the ex- 
perimental heat exchangers. Inspection of figure 1 and 
figure 2 reveals that the fins did not extend the vhole 

distance along the central tube, but that 2- inches at 

a 

each end of the tube were unfinned. The conductance of 
the unfinned area may be added to that of the finned por- 
tl«n of the tube, and as a first approximation, for sim- 
plicity, the unit conductance at the ends is assumed equal 
to that along the finned nortlon of the tube. Thus the 
total effective conductance for the experimental heat ex- 
changer becomes: 

(fl) e » jn ,/IbkT' tanhj^ I + f„ (ttD - ns)]x + f 0 (g) 
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. I.t should "be noted that in equation (8) neither the 
f nor the A in the product (fA) e can "be evaluated, 
hut the product (fA) e ., that is, the effective conduct-' 
ance of the tube depends on fy, f c , the fin arrangement, 
the fin else and material, and so forth. If the product 
(fA) e is assumed constant with length, it may he demon- 
strated readily (reference '3, p. XIT-3) that the thermal 
output of the finned heat oxehanger "becomes: 

■ . —th» „. ( 3 , 

a 



r -i— + -1—1 

L (fA) (fA) J 



ea 'eg' 
where 

Atj ffl log mean temperature difference hetvein exhaust 
gases and ventilating air, °F 

The effective conductance on the air side is: 



(fA) fla = |n V2skf pR tanhy---S L a + f^d^ - ns ) 



+ f ca A ua 

The effective conductance on the gap sid? is* 



(10) 



(11) 



: _ i2(ttr + f r ) 

(fA) eg = ■ n ^skffjpg + f r ) tenh L 

+ (f cg + f r )(TTD 0 - ns)J x + A Uff (f cpr + f r ) 

Th» unit conductances f r , fy ft i ^ ca i ^Pg' an * * C g 0 " u,? 't 
he evaluated "before the thermal outrut of the heater can 
he predicted. The phenomenon of heat transfer from the 

•Addition of the equivalent radiation conductance to the 
unit convective conductance on th° ga3 aid 0 is only an ap- 
proximation, hut does not introduce a very large error. 
(St-e reference 1.) 



1 
1 



11 



fins requires some elucidation "before a method «f analysis 
can "be es't'abl lshed. 

If a single fin is attached -to a flat -surf ace , the 
fin acts act a flat plate as far as its fluid-dynamic and 
thermal performance is concerned. It 'is well known (ref- 
erence h; vol. I, p. 50) that a laminar boundary layer 
builds up on -such a plate, the thickness of which increases 
as- tbe fluid proceeds dovn the plate away from the leading 
edge. The thickness of the boundary ■ layer , the frictional 
drag, and the unit thermal conductance for this laminar 
condition arn all' functions' of the square root of the. 
Reynolds modulus for the -plate (reference U, vol. I,p, 5° 
and vol. II f p. 623). 

.:At a- certain- point along the plate the boundary layer 
becomes turbulent^ and from this point on - (fig, 3) the 
thickness of the boundary layer, thi drag, and the unit 
thermal conductance are all functions of the 1/5. power 
(reference h, vol. II, p. 3^1 and reference 5, p. 17M of 
the Reynold's modulus for -the plate. In most longitudinally 
finned air- heat exchangers the latter type of flow occurs 
over the greatest portion of the fin unless the fins* are 
extremely narrow (reference 6, p. Ugc). (Only the turbu- 
lent' conditi on' will be : considered in the remainder of the 
analysis.) 

Thus, for a single fin along which" a turbulent boundary 
layer has- been' established, the unit thermal conductance 
will be a function of the 1/5 power of the fin width (meas- 
ured in the direction of fluid flow). When, however, sev- 
eral fins are placed close to each other inside of a closed 
tube, the simple picture presented above cannot exist. At 
the' leading edge of' a long fin the boundary layer will 
build' up, but, aft9r the fluid has passed a short distance 
down the fin, the other fins and the tu>>e walle will- bepin 
to - influence" the flow, The boundary layer will not con- 
tinue to build ut>, but will ranch a constant thickness 
which will depend, not on the -elate vidth - (measured In the 
direction of fluid, flow), but on the hydraulic diameter of 
the finned tube (reference 7. P« 1^2 and -reference S, p. 
1+1+7)^ 

•The criterion- for the type of flo*» existing over the plate 
is the Reynolds modulus for the plate (reference U, vol. 
II, p. 366). If. Re.,, > 50,000, the flow i a considered tur- 
bulent; if Rre . *; : 50\ 006, the -flow' is laminar. 
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The same type of phenomenon also takes place In un- 
finned tubes vith no hydrodynami c calming section. (See 
reference 7, p. 1^2.) The entering section of such a 
tube can he regarded as a flat plate, since the Telocity 
and temperature distributions in the fluid stream are 
affected only "by the state of the tube wall immediately 
in contact vith the fluid and are unaffected hy the con- 
ditions at -the center of the air stream. When the fluid 
has traversed a oertain length of tuoe, however, steady 
state temperature and velocity distributions are estab- 
lished vhich are independent of tube length, for low rates 
of heat transfer, but depend on the tube diameter. Thus 
the unit conductance of a vide fin enclosed in a tube vill 
not depend primarily on the width of the fin, but on the 
hydraulic radius of the tub?. It vill be shown that the 
unit convective conductance for thle case varies inversely 
with the l/5 po'-'er of the hydraulic diameter. 

If, however, the enclosed fins are narrow enough, the 
thickness of the boundary layer built up about each fin 
will not become sufficiently great to interfere vith the 
flow along the tube and along the other fins. These nar- 
row fins may then be considerrd as isolated flat plates, 

A sketch showing the three phenomena discussed above 
is shown in figure 3. 

The terms "wide" and "narrow" fins have been used in 
the above discussion vith no exact definition. The term 
"vide fin" iB used in the sense of a fin alonff which the 
boundary layer does not build up completely, but is lim- 
ited in its growth by the interference from other fins or 
adjacent tube vails. The term "narrow fin" is used in 
the sense of a fin along vhich the turbulent boundary 
layer is completely established. Thus the "width" of the 
fin depends on the presence and proximity of other solid 
boundaries. An approximate criterion of fin width may be 
determined by equating the unit thermal conductances based 
on fin vidth and on hydraulic diameter. The width of fin 
which makes these conductances equal vill be the criterion 
for fin width. 

It will be shown that the equation for the unit con- 
ductance along a fin based on fin vidth is 

*l = 9.36 x lor* T°' a9e fi!'-™ (12) 
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The unit conductance "baaed on hydraulic diameter la: 
. *.» - ?-56 * «-« 2- 0 : : B 5 8 -:- . (13) 

H 

Equating these two conductances yields 

- 13. * (I 1 *) 

H 

Thus, if a fin is wider than 13*^ times the hydraulic 
diameter of the finned tube, it is a vide fin and the unit 
conductances for prediction of performance should he "based 
on hydraulic diameter. If, on the other hand, the vidtb 
of the fin la less than I3.U times the hydraulic diameter 
of the finned tube, it is a narrow fin and its unit con- 
ductance should be baaed on fin width. The equations for 
unit convective conductances referred to in this discus- 
sion are presented below; 

(a) Uci t_ conduct arc 2_£2E_a_ tub 2_bas2d_on_thP._hye!raullc 
diameter (See reference 1, p. 11): 

f„ - 5-56 x 10- 4 S-Vs°- 0 (15) 

where 

& veight rate of flov per unit area, lb/hr ft a 
T absolute temperature of the gas^s, °E 
D E hydraulic diameter of tube, ft 



vetted perimeter 



(b) lJBli_fionduci&ncg,of_a_flat_Bla±e_based_on_ihs 

width of the glate ^measured in the direction 

In reference ° the equation for the unit conduct- 
ance along a flat plate Is presented, based on 
the approximation of Colburn (reference 5) to 
th9 analogy between heat and momentum transfer. 
(See ref*»r«nce {?, p. UU7 , and references 10 
and 11.) The equation is 
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— - 0.037 Pr ( — } (16) 

a V3600n a e J 



Equation (lfi) reduces to 

0*800 

f, . 0.000160 (k a 0 - 667 Cp J>.* 3 =)I_ (17) 

which for air* reduces to (reference 1, p. 11) 

o . aoo 

f, - 9.36 x vT* T 0 -°" S-__ (18) 

where 

& weight rate of flow per unit area, lb/hr ft 3 
T absolute temperature of gas. °3. 

1 width of flat plate measured in the direction of 
gas flow, ft 

( c) Ca lculation of f r (equivalent unit conductance 
for radiation ) 

If the gaseous radiation and absorption (refer- 
ence 12, p. 531) in the exhaust gas annulus 
1b neglected, the equivalent unit conductance 
for radiation may he calculated from (refer— 
erence 13, p. 61) 

(T - t ) 
S P 

where 

I A ■ 1.00 



♦The properties of air were utilized for the exhaust gas 
also, in the absence of more precise data. As discussed 
in reference 1, this approximation will probably not in- 
troduce a large error. 
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and as a first approximation 

I. = T--- r- (20) 

1 i. + _ iV- ■■ ■■■ ■ 



Recapitulation 

ffor t-he "prediction of thjp fferf ornrance ' of the finned 
double tube . heat ■ exchangers the following equations vill 
he utilized? ' 

- (a) " q = — (2D 

a 



ea 'fg 

The effective conductance's (fA) and (fA) _ are 

ea eg 

given hy equations (10) and (11), pupp 10. 

(h) ' f D = 5-56 x io- 4 -T <, - a96 a!:'*. (2?) 

The unit conductnhcT fjj is utilized along the un- 
finncd portion of the tube -and for fins when 



- l - > 13- 



D H 

0. ro 

(c) f t = 9 V 3^ x 10 T ----- (23) 

The unit conductance fj is utilized for the fine 

I i" • " 

whenever — < 17. H 



(d) • f_, = 



16 



SAMPLE .CALCULATION- 

Hun K-ll (52-in. fins) ■ - 

From figure 1 ■ . 

Wotted perimeter (including fins) - on air side. 1.33 ** 

Wetted perimeter (including fins) - on gr.s aide. 1.66 ft 

Croag-aect ional .area of flo w -.on air ald« . . . O.OI526 ft 

Crosa-aectlonal area of flow - on raa aid* 1 . '. . 0.0?f6 ft 

Hydraulic diameter -■ on air side, D & 0.0^60 ft 

Hydraulic diameter - on gas side, L^ 0.0688 ft 

Width of .fins parallel to flov - on air side, l ft U.33 ft 

Width of fins parallel to flov - on gas side. lg U'.33ft 

Length of finned portion of tu*o, x ^33 ft 

Area cf unfinned ends - air side A uft 0.19 ft 

Area of unfinned ends - gas aide A UR 0.22 ft 

Length of fins perpendicular to 

tube - on air aide, L ft O.O^^f ft 

Length of fins "oenjendl cular to 

tube - on gas side, L p 0.0?08 ft 

Thickness of fins, s O.OO52I ft 

Inside diameter of ventilating air tube, . . O.lUgi ft 

Outside diameter of ventilating air tube, D Q . . O.I67 ft 

Btu 

Thermal conductivity of fin material (iron). . 2'3 

hr ft 3 f — ) 
Vft/ 
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Irbm-'iata: ; ' = i ■ •"' ■■ - 

Hate of .air- flow., W ft 199 lb/hr 

Hate of gas flow, . -. . > .- . 181 lb/hr 

Air temperature entering, T al 98 •? 

■.-■»■ -i ■- H i- . . . ... 

Air temperature (mixed mean) leaving, T£ a " ! . '» 562' °r ' ■ 

Oaa temperature entering, T gl . . 1496 °J 

Oaa temperature leaving., . T ga« .•. r i.« • i • • 848 °* 

'a; 



fa'j 

(a) Calculation of the log mean temperature differ- 
ence 



(149G - '98) - (848 - 552). 

af lm .,« * 710 °J 



■„( 



1496 - 98 > 

— ^ I 

848 - 552 / 



(b) Calculation of fca (unit conductance at the 
tube surface^ air' side) 

■ T ' ' - — +■ 460 » 785° H 
B 2 

W a 

& a : * ""^ " 13,000- lb/hr ft 8 

0.0153b 

D a = 0.0460 ft 

o.eo 

■^_4- o..aee °a 
f ca - 5-86 X 10 ' T' a -■ x 

a 

3 5.56 * 1(T* (785).° - BB6 X (13. OOP) 0 ' 60 

„ 0 .00 

(0.046) 

Btu 

f ca - 14.5 — — 

hr ft 3 °F- : •-, - . ■ .. 

(c) .. Calculation pf fy a . (the. unit t:hermal conductance 
.along t-h'e fins on the air aide)- 

Tor the 52— inch fine, l a ".4.33 feet. The hydraulic 
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diameter of the finned tube on the air side is 0,0460 

foot. The ratio : 

! *». ■ ; 

"- - i-i. . V. j _ 

• • » i _ 

I 4.33 " 

t , \ ..■ r . r ft 



D a " 0.046 



Thus the calculation of ' f j & - -should-' "be "based- on- the 



hydraulic. .radius . r 



94.1 



■'T a ' a" 785-° & - - . i ::j ■• -. 

- &a - 13 ,'000 -lb'/hr' 1 f t a - l ■ •; 
= Q.0460 ft 

ot S 

_ 4 0 >C 96 ft 
f Fa = 5.56 X 10" T a & 



D 0 « c 
a 



fy a » 14.5 Btu/hr ft 3 °T 



(d) Calculation of f„~ 

.. . * . _ ... ^ 06 

(Unit thermal conductance' at the tube surface on -the gas 
side ) 

T + t 

T --s ~ r-*-=— +. 460 = .1632° H 

6 " 2 

W_ 

- — a — = 6340 lb/hr ft 3 
0.0286" ' 

D = 0. 0688 ft 

& ' 

0 . BOO 

—4 O.C9G **> 

. f . fc = 5.56 X. 10 T — 

- Cg 6 p 0.000 

■ • s 

■; f =-9.2 Btu/hr ft 3 
eg . . ' 

(e ) Calculation of fp. g - (the unit thermal conduct- 
ance along the fins on the gas- side) 

" 'Tfie -f In WfdtB x.lg ;n ;4.33 f eet . .The hydraulic diam- 
eter of the exhaust gas annulus D g = 0.0688 feet. Thus 



IS 



l_ 

- 6 o 63.O. The unit . conductance f™ ahould be based on 

e 

hydraulic - diameter. 

• T g - = I632 0 R 



D = 0.0688 ft 

f™ 5-56 x 10- 4 i-°'-" a x 
8 . - s °' 00 

=?9.2 Btu/hr f t a °T >■ ■.-■: 

(f) Calculation of f r (equivalent unit conductance 
for radiation) - ■ 

Tn order to evaluate the equivalent unit conductance 
for radiation, the temperature of the outer surface of the 
innsr tube must be calculated. This calculation must be 
one of. trial and error. The rate of heat transfer from the 
gas to the outer vail of the tube is riven by: 

a a = < fA >«fr < T f " V < ? 5> 

where 

, /?(f_, + f ) 

(fA) ag = j_ n V2sk(f]r g + fr) tanh </ L p 

+ (f cg + f. r ) (ttD 0 - ns)Jx + (f cg + f r )A u ^ (26) 

All magnitudes in equation (25) md in eauation 
(26) are" knovn except" q ft , t p , and f r . The measured 

rate of heat transfer q n is utilized for q ft . A mag- 
nitude of f r = 6 may be assumed as. a reasonable value 
and tp calculated from equations (25.) and (26). This 
procedure yields: 

' (fA) a „ = 56.8 Btu/hr °F 
. ■ _ *M 
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t„ = 1172 — = 797° ! 

p 56.8 

Sxper imental data for the finned tubes . indicated 
that the average temperature along the outer surface of 
the exhaust gas annulus (t w ) was 175° 7 less than the 

arithmetic average exhaust gaa temperature 



Thus 



t„ = T g - 175 = 1172 - 175 = 997° P 



The emiseivlty of oxidized steel is appr oxlmntely 
(reference 13, p. 46) equal to 0.79 



Fj, = , = = 0.695 

1 A./l v 1 3. 93/1 \ 

— + — ( 1} -+ ( 1 ] 

e i A w V e a / 0.79 5.87 V0.79 / 

T A = 1.00 

Then _ , 

„ „ I/' 997 + 460\* /797 + 460V1 
0.173 x 0.6 95 ( — ) - ( J j 

L\ 100 J \ 100 / J' 
f r = = 6.4. 

(1172 - 797) 

This magnitude of f r is practically equal to the 

value assumed (6.0). Thus the calculation need not he 
repeated. 

(g) Calculation of the effective conductance of the 
finned tube on the air side 

Prom equation (10) 



T V / 2fp a 1 

(f^ea= [n./skf Pa :2 tanhy L ft + f^diDi - ns ) Ix + f 



Pa 



Substituting the magnitudes which have been obtained 
vj 2skfj. a x ■ 8/ 2 X 0.00521 X 23 X 14.5 (4.33) 
* 64.6 Btu/hr °7 
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2 X: lU.5 

(0.0537) « 0,835 (dimenaionleae) 

23 x 0.00521 

f ca (TrD - na)x = 1^.5(3. lU .X .O.lUgi - 8 X 0.00521) ^.33 

b 26.9 Btu/hr °F 

*ea A ua B (lU.5)(0.19) = 2.7 Btu/hr. f°F 

(fA) ■= 6U.6-tanh O.835, -fc 26-9 .+ 2.7 

- (.W..2). + ^26,9) + C2.7) ■- 7.3.*8.Btu/br °F 

, -Thus it. is noted, that on the air aide the .f i.ria con-, 
tribute 60 percent of the effective conductance,, and the 
unfinned port-ion .ho uer.cent.. (This calculation indicates 
the -effect -of the finB par so. The indirect effects o£ 
the fine vhich alao. tend> .to increase heater output. are dis- 
cussed on is. ?3«) • .■ 

(h) Calculation of .the effective conductance of th,e. 
finned . tube .on the gas aide.' 

• .In exactly the same manner as *'as shown for the air . 

S i d 6 y >• " ... 



n V2 s k(f P + f r )x =67.0 Btu/hr °7 



2Cfp„ + f r ) 



L = O.335 (dimenaionlesa) 

k a ■ _ s 



(f r '+ f C g)("D -"na)x * 321° Btu/hr °J _ 
(f r +' f C g)A : ue » _3.U- Btu/hr *r" - 

■ '.'(fA> e -= 67.O ■tanh(0.-335)' + 32.9 + 3A- 
* (2i:6)+ -(52.9) (3- 1 *) = 57-9 ' 

- * ~ # . , . 1 « j . ■ . 

f ■ ■ 

On the pas side, therefore, ovinp to .the ahort er -f ina , 
the contribution of • the" -f ina "to the effective conductance 
ia only'37.' l + percent; whererte the unfi-nned portion of tube 

contributes 62.6 percsnt. — - 

_ . . . . 1 . . . •. ' 

(i). Calculation of q_ ' "" '" * 

h = y -_--ii5 7 -----."»..-- T --2i^- 7 *---4 * "23, 000 Btu/hr 



Q~K) B * " (^la ' " 67: 9) + (7^0 
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The measured rate of heat tr.ap.afar la 

. ..*M " V?p- f T aa-r..T ai ) - ■ - : ■ V""" 

= (199) (O.2U1) (552 - 98). 
■" : = ?l, : t?o6 Btu/hr " 
Ratio of 3S = I.055 

q M 

discussion of BiguLTs ■.. ■ 

Inspection' of table I reveals that the average of the 
ratio of pre.dipted magnitudes, of J heat output to the meas- 
ured magnitudes for' the exchanger with the 52-iBch fins is 
1.00,* with an average deviat ion of "±U percent , vhen the ■ 
unit conductances along the fins are calculated on. the 
"basis" of- the hydraulic diameter, of the finned tube. A com- 
plete calculation in which the unit conductances along the 
fin are "based on the fin width (measured parallel to the - 
direction' of" gas flow) is also shown in table I', and indi- 
cates an underestimation of the predicted, put-out . of ■ 10 per- 
cent. Thus the results. for the 52-inoh fins verify the 
conclusion reached in an earlier paragraph, that is, since 
the 52-inch fins are greater than 13,4 tiir.°s the hydraulic 
diameter of the finned tube , ■ calculat i on of unit conductances 
along the f in^stiould "be "based on hydraulic diameter. 

Inspection of -table II reveals that the average of 
the ratio of predicted magnitudes of heat output to meas- 
ured magnitudes for the exchangers with the 6-inch .fins is 
1.00,* with an average deyintipn of ±5' percent, when the 

•During the runs with the finned tubes, a l«ak developed in 
the exhaust line between the heater and the venturi meter. 
This leak, unf ortunat e ly , ' was ' not discovered until the runs 
were completed. The venturi,. therefore, indicated a greater 
rate of exhaust gas flow than "as actually passing through 
the heating section. In order to estimate what the gas flow 
through the .heater was-, the heat I9SS from the heating sec- 
tion to the ambient air was estimated (10,000 Btu/hr), added 
to the heat gained by thu air," and the weight rate of gas 
necessary to yield this quantity of - heat , cal culat ed , Tbene 
are the values of W g tabulated in tables' I and II.. This 
procedure is justified, . since calculation shows that an error 
as large as ±5000 Btu/hr in the heat .loss' from the heating 
section to the ambient air changes the . predicted heater out- 
put only ±3 percent. The accuracy of the prediction shown 
in tables I and II is in some measure fortuitous," therefore, 
but is nevertheless accurate to about ± 5 percent.". 
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unit conductances along the fins are calculated on the 
basis of fin vidth' (measured parallel to the .direct ion 
of ai.r : : f l.Gifc) « " A -tabulat i en ■ of ^a : 'camp'let e eaicul^t ion in 
which t-ive -iwi-t: .-co-nducit ef nc ff §■ "^a'idng "'^the fins i : s bas's-d ; on . . 
the hydraulic diameter of the finned tube also is 1 " shown' 
in tahle II. The latter calculation indicates a , slight 
under^at-&m«t ia& (iy pierce etfit)- "o'l ''th-e. h'e'a;^ Vut^}d^. /ojf the t . : 
ex change r- K - ...ffhis -.align*- idil^erreaie'e' in -the- p^dlcte^. jna,gj-i. - 
nitudes tends to verify the conclusion thrift 'for 'the' 16-inch 
fins .^wh,lch'.M" , e v slighil^-' narrower than 13, U times the 
hydraulio-d.-4*m«ter TJ^-tUts'-f iTined tube) the fin vidth 
Bhould "be^duM; lii teed -W dalou'la* lag" the unit c o,ndu ataxic e_ 
tol-png'. tlke--f4ns-. : I ■' "' ' ■■ " 

1 • 

The differei.ee-- -in 4ibJa methods of prediction for 

the 6-inch fins i-e'' sb" small , however, that a series of 
tests on a much shorter fin (say, 3 in.) should, "be per- 
formed . in ; order further.' to test ind- p'ronoaed method*'--. 
Theae "teats-. are -"being planned and will he 'reported. .in "a 
later section. " 

It is important, of cpurse, to determine the effect 
of .the fins on the,. Jbueat. .o-ut«ut--of ■ the~ ; ejsehanger . The ef- 
fect of longitudinal • fjns on the!, rate of heat transfer is 
fourfold: " '-, ■ ■ 

(1) The fins increase the ef fe.ct^ve conductance of. . 

the- tube- as 'tffcovon: by ■ e<jua-tion (3).' ' , . . 

(2) Next, the fins increase the unit thermal con- 

ductance, a-long -t'hs .*tub.°- surf a.c'«' /hy u'tfer'eas ing 
the crose— .se-ctiooml arrsa. .of, -tha- tt£b% 'and thua ; 
"'increasing' 0 for a «iven weight rate of 
flow. 

(3) Further, the_f inj_ jicrjaaa-e- *he v^t.t'ed perimeter, 

as well as decrease tjhe cross-sectional area 
of the-tub«y thTTs* dbcrVaaln* the hydraulic 
diameter of,- the ±u$$ and.- further increasing 
the unit thermal conductances. 

(U) Lastly, the -f Iha "decreaae the' log mean tempera- 
ture difference f or , a „f ^xe^ .temperature dlf- 
■■■ 1 «f ferdnce" *t '^the 1 i e i i£r'^n ( c.'i';£o the 0 b?at -.eafchenge* v 
■otfing ; fo' th'4 ; """gf etffer' .iaj'e '. of he;ejt -transfer. ' : 

The total effectiveness of ,1;h.e. .tins c . i( wh;*c^h oQO.ns i-d.ers 
all four of fti* above •pcritfts, 'may he "obtained "by dividing 
the thermal output of the f inned. .hfl^tArv.JbjjP t-h-e. thermal"- 
output of the a'nrooth" Unfinne'd "tube/ for' the same rates of 
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gas and air .'f low , and for a fixed temperature difference 
between gas and air temperatures at the entrance to the 
exchanger , ' 

It has been shown in appendix B that the thermal out- 
put of a' Parallel flow heat exchanger may be calculated 
from the equation: 



^a " V a c P a < T gi - T ai> 



1 , e^ '*e J ^ °Pa/ 



1 + 



W a c Pa ' 



(27) 



Equation (27) accounts for all of the four effects of 
the fins discussed. The product (UA) for the finned tube 
is calculated from; 



(UA) e 



(fOea* (*Oe 



(28) 



g 



where (f A ) e a and ^ fi ^eg are S lven *y equations (10) 
and (11). 

Equation (27) may be utilised directly for the smooth 
unflnned tube, also, if the product. (UA). is calculated 
from: ... 



(UA.) U * 



(29) 



ca A a 



. (f cg + f r )A g ' f ( 

Equation (29) was utilized in reference 1. 

By means of equations (27), (28), and (29), the ther— 
. mal output of the finned abd unflnned heat exchangers was 
calculated for the following conditions: 

Average air temperature 230° F 

Average gas temperature 1300° F 



25 



W 6 a T' R / W a c p R 



Difference "between gas and air tempera- 
ture at entrance to. heating section 

gl 81 

Equivalent unit conductance for radia- , 

tion (f r )." i . 7 Btu/hr ft a ^°P 

The resulting curves are shown in figure U for several 
gas weight rates, together with several exoer imental points 
for a gas rate- of 230 pounds Tier hour. The effectiveness 
of the finned tubes at any air weight rate may be obtained 
readily from figure U by dividing the magnitudes of the 
thermal output of the finned tubes by that qf the smooth, 
unfinned tube at equal magnitude's of- gas "eight rat*.* 
Analyticall7 the total effectiveness of the finned tube 
may be tfalcul^ted readily from equations (27), (28), and 
(29). 

1 e~V 

Effectiveness = --Z-1-- — -£-'--_—-£ ■ (30) 

-A + v - °P«S (0A) » 

where (UA) e is the over-all effective conductance for the 
finned tube (equation (28)) and (UA) U is the over-all 
conductance for the unfinned tube (equation (?9)). Such 
a calculation of the effectiveness, for the finned tubes 
tested, indicated a range of *>f f ect lvrness from 1.6 to 
1.9, the high values corresponding to the higher veight 
rates of gas flow. The improvempnt in total effectiveness 
at higher gas rates Is to be expected, since the rela- 
tively short fins on the exhaust gas side becomr> more 
effective as the gas rate (and thus fv ) is Increased. 

■ S ■ 

In the design of a- finned tube heat exchanger the - 
effective conductances on the t*'o sides of the tube 
should be made as nearly equal as possible, unless the 
fins are being utilized to lowr th° temperature of the 
heat transfer surface. In the latter case the effective 
conductance on the cool gas side should be larger than 
that on the hot gas side. _ . , 

•Since the convpctive unit thermal conductances, denend 
on the fluid weight rate per unit area, the better cri- 
terion for comparison of heat exohangers Is G, the 
fluid rate per unit' area, but, in order, to illustrate the 
total effect of the fins the gas -weight rates are shown 
in'flg. h. 
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. As was discussed, in reference 1, the pressure drop 
along a tube of uniform diameter in which a compressible 
fluid (gas) is -"being heated, or . cooled, will not he simply 
the frictional less occurring. along the tube, hut will 
also include the effect. of fluid acceleration. It was 
■shown in reference 1. (p. 22) that .the non-isothermal 
pressure loss is related to. .the isothermal -pressure loss 
by the expression: 



'isoV^iso/ (36oo) a y g^ij ' 



where 






hon' r isothermal- pressure loss, lb/ft a 


Mso 


isothermal pressure loss at temperature T. 
lb/ft a '' 180 


T a 


arithmetic average gas temperature in tube, °E 


■l • 


gas- temperature entering heater., °H 




gas temperature leaving heater, °E 




density of gas entering heater, lb/ft 3 


a 


weight rate of gas flow per unit area, lb/hr ft 3 


e 


32.2 ft/sec a 



This equation was applied to thp non- is othermal pres- 
sure drop data obtained for the t«o finned tuhes. The 

calculated pressure drop APm was then correct B d to 

A iso 

78° F as outlined on page 23 of reference 1. . These calcu- 
lated isothermal pressure drops as shown in figures 5 and 
6 check the measured isothermal pressure drop data v*»ry 
closely (less than 10 percent discrepancy). These- data 
are further proof of the aPTili cability of equation (jl) 
to the prediction of non-isothermal pressure drops in 
gas-air heat exchangers.* 

•Actually equation (31) -a only an approximation, since it 
is based on a linear increase in pas temperature with 
length. The increase is more nearly exponential. 
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In addition to changing the magnitude of the pressure 
drop,, -equation .(31) changes the. slope of the AP/AS 
against' W a „ curve, as jsh'ovn. in figure 5. The sl.ope of 
the. non- isothermal pressure drop curve is less -than the 
isothermal one. This is to he expected for lover' air 
rates, since the temperature .rise pf the air passing 
through the heater is large', thus causing a larger pres- 
sure drop' *ovih£ ttf the - greater exit' velocity of the:wHrm ■ 
air . ■ ■ ' ■ n 

The isothermal friction factor for the finned tubes 
■vaa' 'calculated,' utiliz-ing the .hydraulic- radius- of the 
finned tube as the significant dimension In. the- Reynolds; 
modulus and in the equation defining the friction factor. 
Then " 

G D a ' 1 \ 

■ ■ Ee = ^-_-_ a --_ (32) 

3600 g n a 

and 

f!* = l (*-) — -<L\ ' ' ( ? 3) 

Y T VPa/ 2ff(^00) a V T a 

where D a = the hydraulic diameter of the finned tube.- 

Satisfactory corr slat ion ' "between the isothermal 
friction fp.ctor for the finned ^-inch and 6-inch tube's 
and the smooth tube discuiapd in reference 1' resulted. 
The points for all three tubus fell within 1"5 -nercent 
of the recommended curve for "commercial" pipe (refers 
ence 3, p. XI-8) (fig. 7). Thus it aunears that, for 
longitudinally finned tubntf with wide firts, th" pres- 
sure drop may be satisfactorily predicted by means of 
the normal friction 'factor data.- The increased pressure, 
drop for the finned tube is due mainly to its increased ' 
wetted perimeter. '■- -.' " 

When narrow fins are utilized, however, the above 
conclusions probably will no longer apply,- owing to the 
increased pressure drop produced by- eddies, and. so forth, 
on the downstream side of each narrow fin.* 

♦The 6-in. fin is .so close to being a wide fin that it 
is considered as such in the pressure -drop discussion* 
Actually the ratio of l/D E for the 6-ineh fin is 1Q,9, 
thus causing it to fall in the narro" fin specification 
as discussed on p, 12, 
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CONCLUSIOUS 

■ 

• r • 

1. The effect of longitudinal fins may be predicted 
successfully (±5 percent) by utilizing equation (8) to 
calculate the effective conductance of the finned tube. 

2 fp L a 

2. If the ratio — for a fin is of- the order 

k s 

of magnitude of 0.10, the thermal conductivity of the fin 
material and its thickness are uninroortant in establish- 

2 fj" l a 

ing the fin performance. If the ratio is of 

k s 

the order of magnitude of U.O, fin length measured Bsruen- 
dicularly to the tube surface becomes unimportant. 

3. It appears, although it has not been conclusively 
proved,* that if a longitudinal fin is wider (measured in 
the direction of fluid flow) than about 13.^ times the 
hydraulic diameter of the finned tube, the unit conduct- 
ances along the fin surface should be based on tha hydrau- 
lic diameter (equation (l?)). If the fin is narrower 
than 13. ^ times the hydraulic diameter, the unit conduct- 
ance should be based on the fin width (equation (12)). 

H. The 6-inch fins indicated a slight advantage (3 
percent) over the 52-inch fins. Conclusion 3 predicts 
that the use of still narrower fins would produce greater 
improvement in heat-transfer performance. The almost 
negligible improvement for the 6-inch fins, however, may 
be due in part to the very small gap between fins (l/l6 
in.). A greater gap or staggering of the fina would -per- 
haps improve the fin performance. 

"5. For the same weight rates of flow, the finned tube 
provided about 1-75 tiir.es the thermal output of the 
smooth, unflnned tube. The improvement in output is, of 
course, a function of the fin design and this particular 
increase of output by the use of fins applies only to the 
unit tested. 

6. liquation (31) m a.y De used to predict the non- 
isothermal pressura drop across longitudinally finned 
double tube heat exchangers, if the isothermal drop is 

♦Tests are planned on narrow fins (3 in.) to test further 
the applicability of the flat plate equation for narrow 
f ins . 
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known. The Isothermal ao6 -non-Isothermal pressure drops 
differ preatly because of^thie large difference in veloc- 
ity of the gases entering -and leaving the exchanger. 

.- ,1 . . ." ,.V. - - 

. ■ , „ 1 \ >. .. . V. w - 

7", The isethermal fraction factor for the longitu- 
dinally finned tubes tested compared satisfactorily with 
commercial pipe friction -factor 'data. 

Universe jfcy, .of JCal^f jorniav ,f r 1 ■ ; '., 

' Berkeley,- Cal-if*. ■■■ 

APPENDIX A- 

-s ■ . : . . i : • i : - ■ " ■ - " " "■" ' : 
MIXING CHAMBER 

In order to obtain an accurate mixed. .mean tempera- 
ture of the air leaving the heat exchanger (reference 1, 
p. 18), a mixing chamber was designed .which produced a 
very uniform temperature across the mixing chamber out- 
let. This mixing chamber, composed of a sat of perforat- 
ed baffles, produced an excessive pressure drop which, 
i'n 'turn, reduced the. air blow.er capacity. To" remedy this, 
the original mixing chamber was progressively stripped 
of baffles until a eat i Bf ,act o-ry compromise was ren/ched 
between 'the' pressure drop, and the effectiveness of mix- 
ing. The' final design is shown in figure- 8. A similar 
design was used by Colburn and Coghlan (reference lH) . 
The pressure drop. across the unit Is about 2 in. CC1 at 
a weight rate . of air of Uoo lb/hr. ' 

The mixing chamber sho^n in fig. 8 allowed the deter- 
mination of the mixed mean fluid temperature by means of 
a single thermocouple .placed a't the center of the stream 
with., a maximum error- in the temperature rise of the fluid 
passing through the heater "di about 1 percent for the 
finned tube-s, .2 percent 'Vi'th the dimpled '.tubes, and 5 
percent with -the smooth, u'rif inn«d tube.. 

As- .discussed above,' a more precise mixing chamber 
was available but was not utilized because it introduced 
too great., a pressure drop. A -maximum error of 5 percent 
was. considered permi s s ibis ■ for- the testa. In reference 1 
concerning tb.e smooth and dimpled tubes , it was. shown that 
the- emission.- of a mixing chamber introduced errors in the 
temperature rise of the ■ fluid" as high as 50 percent. 
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• ■ AFPEHDIX B 

" t ! 

HEAT" TE AH SB 1 EE TO A PLUID PEOM' A LOHaiTUDIlTALLT FIHITSD TUBE 



INTEODUCTIOIT- 



An analytical expression for the heat transfer from a 
longitudinally finned tube is .presented below: 

■ . ■" 

Case I 

Heat Transfer Equations for Longitudinally Pinned Tubes 
when the Tube Wall Temperature is Known 
The following system is defined: 

1. There' is no heat flow in the fins- in the direction 
of fluid flow. 

■ 2% The heat transfer through the. ends, of the fins into 
• - .-.the. air stream is negligible. 

3. -The tube wall temperature . is invariable with'x and 

the base of the fin is at the tube wall tempera— 
tur e . . " 

4. The^ unit conductance for heat transfer- is the same 

over the fin. as over' the unf l'hned' surface of the 
tube wall,' and constant with length and tempera- 
ture.* 

6, Eadiant heat transfer is zero.** 



•The unit connective thermal conductance may' not always be 
independent of length, but may Vary Inversely with a frac- 
tional p-ower' of the fin width in the" .direct i on of- fluid flow. 
However, the uti-lieation of an average magnitude of -thermal 
conductance in the length x will not introduce serious 
e'trors.- 

**TJnless this postulate is made, the equation derived below 
cannot be integrated readily because" of the manner in which 
radiant heat transfer varies with ' temperature . ■ However, at 
the rates of fluid flow met in practice , the radi-ant heat 
transfer' may be either neglected as postulated here or in- 
cluded -In the magnitude of the unit thermal conductance by 
utilising an equivalent thermal conductance for radiation. 
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6. The thickness of a'fj.n.is small compared to its 
length'. ■ - ' 

i„ ■ 

•■' In a length of tube dx the, change in enthalpy of the 
air will be : 



■do. = W o d. .Ti - (Bl). 



'P. 

i 



The heat flow from, the tube .will be that from the - 
f ins - tfius. .that from the unfinned Burface of the tube (ref- 
erence B, p. 11-26) 



dq - n V f k dP dA (t p - T x ) tanh 7| 



k dA' 

+ - T x) - ae>dx (B2) 



but 

dP a 2dx -. \ 
dA sr sdx 

dq - j"w2akf tanb jf~ .L + f'(Trb - ne)J(t p - T x )dx 

Equating (B 1 ) and (B2a), and defining X as: 

X » n V2skf tanh ./2£. L + f (ttD — ns) 

*¥ ke 

gives : 

dT 



(B2a) 



x X 



(*p " T x> ' * °P 
The integrated form is: 

X 



dx (B3) 



x 



t p .- T x = (t p - T^e W c p . (34) 

which may be substituted into equation 32a and integrated 
to yield: 
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'■' ' / -i- xN 

q. = W e p (t p ^ Tl >\l - e. - W . c p N J (B5) 

■!■«'»:'* . 

This ifl the general equation for- the heat flow from a 
longitudinally finned tube of length x. 

The term W o p (t p :- Tj) » ^ max ia the maximum pos- 
sible heat exchange from tube to fluid, since the fluid 
cannot exceed the tube vail temperature.. 

Equation ) ■ may he expressed': 



q 



( 1 ;.;;^-):( 1 :^)-(4^l)c«., 



^max % "p i' ^ "p 

This equation is plotted in figs. 10, 11, and 12. 

When n = 0, the equation represents the heat transfer 
from an unfinned tuhe. 



q n-o 3 - W . C P. . {t -P - T * J A1 °P /. 



where 



* „ - fnB 
n= o 

The effectiveness of the. fins Is denoted "by 

q. (i - e " 7T X ) . . 
" * ~ V X • (B7) 

^1 _ e ¥ c p X J 

and is plotted in figs. 13 and 14. 

Similar, analyses were perf ormed for the case for 
which the temperature at the base of the fin ' t y was 

postulated to vary linearly and ' exponent ially with length 
x. . 

Expressing the temperature at the base of the fin as 
a linear function of the distance, 
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t„ =. o x + b 

yields '■ 

q - W c p j"^B - 0«5lYl - e" *~'°p + C xj (BB) 

The constants and C are evaluated by plotting 

the temperature distribution as a function of length. The 
constant B is the value of the intercent and C is the 
slope of the temperature-distance line. 

If the temperature of the ' b&B-e ' i's ; an exponential 
function of the distance along the tube. 



t p = 35 e" Fx 



yields 

q. 



The constants I and T are evaluated from a semi- 
logarithmic plot of the temperature distribution. 



DISCUSSION 

Eauatlon (B5b.) has been plotted in three diffprent 
forms, the ratio 3./°. max ftnd its equivalent 

T -" T y 

-- i against — — x, x, and n, Each -plot exhib- 

t p - T, W Cp 

its sufficiently different characteristics to "arrant 
separate consideration. Th« eauatlon in generalized dimen- 
sionless form has been presented in fig. 10. This plot 
may be used to determine the manner in which variation in 
fin material and dimensions, tube dimensions, and rate of 
gas flow affects the performance of the finned tube. 

Tig. 11 is a replot of fig. 10 shoving n/q.m a x 

against x, with -rJ^-- as parameter. This plot enables 

V c p 

one to observe' that two short, tubes- in parallel will give 
a higher heat' flow than one tube of twice the length with 
the same number of fins, but the temperature rise of the 
air will be less . 



I 
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From fig. 11: For a 3-ft tube q./q. max = 0.36 

Tor a 6-ft. tube q./q. max °«59 

A 20-percen.t increase in the rate of heat transfer 
lis thus" accomplished with two 3-ft. .tubes in parallel, as 
compared with one 6— ft tube. The temperature rise, how- 
ever, is 60 percent of the - "value obtained by using one 
6-ft tube. • 

A plot of 'l/^niax against n (fig. 12) based on 

fig. 10 allows the observation that two tubeB with half 
the number of fins permit a higher heat transfer rate 
than one tube with twice the number of fins for the same 
length . 

■ 

From fig. 13: At x - 4.75 ft 

4 fins q/q max = 0.51 

8 fins q/q max = °- 64 ' 

A 60.6— percent increase in the rate of heat transfer 
is thus obtained with two tubes having four fins each. 
Here, again, the temperature rise is 80.3 percent of the 
value for one tube. 

In order to plot the equations, average values of 
data from laboratory tes-ts were Used. 

The advantage of a finned tube over a tube without 
fins is obtained upon inspection of figs. 13 and 14, 
plots of equation (E7). From fig. 13 a plot of q./q n=0 
against- x ' reveals that for a given length the effec- 
tiveness is increased as' the number of fins increases. 
This is particularly true for short lengths. For" long 
lengths the effectiveness is changed little for large 
increases in the number of fins. 

'Fig* 14, q/ct n a 0 against n, indicates the manner 
in which the effectiveness decreases as the tube increases 
in length with the same number of fins. 

A careful inspection of the equations and figures 
does not indicate any practical value of the optimum num- 
ber of fins or length of tube. It should be emphesized, 
however, that other, more important considerations govern 
the selection of the number of fins and the length of 
tube, such as pressure drop, specified lengths, tempera- 
ture rise, and quantity of fluid. 
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Case II 

Heat Transfer Equations for Finned or Unfinned Beat Exchangers 

when the Tune Vail T.emperature Is not Known and 

. .., the Heat Lose to the Surroundings is Zero 

The heat ahsorhe.d by the oool air at any point x is 
given hy 

d q a - W R Cpft d T Rx - {UdA)(T. ?x - T^) (BIO) 

The heat given up "by the hot gases at any point x is 
given "by 

4 1- D - V „ c d T = (UdA) (T - T ) (Bll) 

p e Vff g x *x x 

Equations (BIO) and(Bll) mfty be rewritten as 

d t U dA 

-3 (B12) 

C^g x " T ax ) v a Cpa . 



and 



d T_ U dA 

?x „ 



( T g x " V *g 



(B13) 



Subtracting equation (312) from (B13) fives the following 
express i on: 

.u(~JL_ ♦ dA . tilSa-Z.lul (.in) 



■ When U and Cp are constant along the heat exchanger, 

equation (BlU) may. "be integrated along its length from 
point 1 at entrance to point 2 at the exit end of the 
exchanger. The result is 

ln (1*S-Z-1*°) = -(--JL- + (UA) 
V T gi - W \*g c p *a °p a / 



This "epilation may "be written, as 



LB*. 
T gi " T ax 



e e 



(B15) 



When "both si'dea of eauation (B15)'ar*> subtracted from 
unity and. multiplied by (t - T ), the result is 

T gx T ax T ga T aa N 

1 ' ■ / " (V---- + 5--- J (UA) j 

. \ I , ■ C P V a c p / / 

CI.' V ^ " 6 " ■ .V * -. / (B16) 

When the heat- los9 to the surroundings is zero, q a *= q^ 
and separate integration of equations (BIO.) and (Bll) 
yields ■ 



= (T 



T — T 



W a op. 



T T 

ax -i . as 



' o 

e r 



Substituting this last equation into equation (Bl6) and 
rearranging terms 



( T „ - T ,) = — Isi-"l5i 
v 1 a* 'ax' w 

a c p n 

- ■ v Ct , 

g p» 



1 - e 



Multiplying "both sides of this eauation or W c and 

/ a \ 

rearranging the exponential t^rm gives equation (27) • 

Wo o, 



1- = W „ c„ (t., - T al ) 



a p 



gi 



\ v g °p c„ 



1 - e 



a W P. 



W c 
1 + -*-25 



p 



(B17) 
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.liquation- (B17) . will:yield . exactly! the -same results 
as equation (9); in equation (B17) the log mean tempera- 
ture. ^Aif feTieneie-. haa' 3> eon ' evaluat e' d in -terms of - known 
quantities, thereby allowing an explicit aolutidn for' q . 

Tor. a.-.aafooith unf inried tuhe '(UA)- La giV^n by' equation 
(29) . V " 



(f Cg + f r )A e f 0ft A a 

while fo.r.a longitudinally finned tube, - (UA-)- ie given by 

equation (2.8)*-- . 

• ■ .... ■ ^ r 

' ■" ■'W>e. 8 ' ' , ■' . 1 - - ■ ' ■ »■'■.» ■. (Big) 



( f *) (fA) e 
ea e 



where" (f-O aio and (f ■'-)__ are given by equations (10) 

o EL O g 

and (11). 

The ratio of the rate of heat transfer from a longi- 
tudinally finned tube to that of a smooth unfinned tube 
is obtained by substituting equations (28) and (29) in 
equation (37) to yield equation (30). 

q a 

Effectiveness =* -— — =■ . (f Inn ) . 

^o 1a( no fins) 



< 



1+ W a °Pa N < UA) e 
J 1 + W » °V \ (UA) n 

i . . v *g o P4 ; w a Cpa 



(B20) 



It should be noted that equation (B7) is a special 
case of the more general equation (B20) . The former 
equation evaluates the effectiveness of the fins based 
on a constant tube wall temperature. 
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a ,, srt 3j9..t.e,rm j . .(I x). , .J.n >qua,t ion ,(B7) ^correBpondB to 

^I-V^*52»A^tU) : iX eq.uatYoV<BSK>) *ntf the'VeW -■■ 
t^.": '5 „■ jP-yg- .-< .- i .,. . ^ ; ... ^ '-v-.-.i ■ 

iftl-W' corresponds, to A + .£5?*) (UA)» .... 

\ "g »p g / 

The foregoing equations are applicable to parallel 
.fjlov in double, .tuba. hee,t exchanger b . . Similar equations 
for contraflow of fluids are given in ''-reference 3 
(p. XIV-4). • * ■■ 



. i.,The authors . grateful \j m acknowledge t.he .contributions 
of He's are, M. Tr'ibus, D . DuBa'in, M. A, Miller,' ,1 .. ..Hajjaker , 
and C. Buchter in the performance of the testa and the 
preparation of the report, and of Messrs. H. Eagles and 

Poeland in the c one.tr.uct Ion. .of. ..the equipment. 
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1. Unit Conductances Calculated on Basis of Hydraulic Diameter 
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1.03 


-9 


28,900 


9,500 


117 


504 


1616 


904 


730 


12.9 


27.3 


12.9 


27.3 


6.5 


40,200 


41,800 


0,9T 


-10 


34,500 


8,200 


84 


323 


1325 


678 


510 


11.2 


30.2 


11.2 


30.2 


4.7 


30,600 


30,600 


1.00 


-11 


41,700 


8,350 


84 


294 


1317 


652 


420 


11.2 


34.5 


11.2 


34.5 


4.3 


29,800 


32,400 


0.92 


-12 


36,400 


8,100 


76 


360 


1516 


725 


525 


11. £ 


31.6 


11.2 


31.6 


6.1 


36,100 


38,200 


0.92 


-15 


40,000 


8,200 


73 


335 


1516 


706 


500 


11.3 


33.8 


11.3 


33.8 


5.9 


35,700 


38,800 


0.92 


-14 


35,500 


9,000 


78 


414 


1611 


817 


580 


11.9 


31.2 


11.9 


31.2 


7.1 


39,900 


44,300 


0.90 


-15 


39,300 


8,900 


74 


369 


1611 


799 


555 


12.2 


33.5 


12.2 


33.5 


6.9 


41,100 


45,800 


0.90 



TABLE HI. -ISOTHERMAL PRESSURE DROP - AIR SIDE 



Run 


W 

(lb/hr) 


(lb/hr ft 2 ) 


(op) 


Measured 
pressure drop* 
(lb/ft 2 /ft) 


Reynolds 
modulus* 


Friction 
factor* 


Finned Tube (52- in. fins) (distance "between pressure taps, 6.25 ft) 


KIF-1 


375 


24,600 


78 


6.35 


25,400 


0.0296 


-2 


416 


27,200 


78 


7.68 


28,100 


.0294 


-3 


584 


38,300 


78 


13.4 


39,300 


.0256 


-4 


536 


35,100 


78 


11.7 


36,200 


.0268 


-5 


589 


38,300 


78 


12.5 


39,300 


.0242 


-6 


640 


42,000 


78 


15.8 


43,300 


.0254 


Finned Tube (6-in. fins) (distance between pressure taps, 6.20 ft) 


LI-1 


573 


37,500 


83 


13.6 


38,500 


0.0270 


-2 


502 


32,900 


83 


10.5 


33,800 


.0270 


-3 


428 


28,000 


83 


8.29 


28,800 


.0294 


-4 


338 


22,100 


83 


5.69 


22,700 


.0323 



♦Corrected to 78° F. (See equation (33) of this report and equation (25) 
of reference 1. ) 
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TABLE IV. -NON-ISOTHERMAL PRESSURE DROP - AIR SIDE 



Run 



(lb/hr) 



a 

1T> \ 



hr f t J 



C°B> 



Measured non- 
isothermal 
pressure drop 
per ft 

(lb/ft 8 /ft) 



Isothermal pressure 
drop calculated from 
non-isothermal pres- 
sure drop* 

(lb/ft a /ft) 



Tinned Tube (52- in. fins) (distance between pressure taps, 6.25 ft) 

9.82 

6.92 
10.7 
8. SO 
6.58 
5.20 
13.8 



M-l 


51* 


33,600 


538 


785 


667 


15.2 


-2 


378 


2h,g00 


5U2 


798 


670 


10.3 


-3 


538 


35,200 


5U0 


757 


6I+9 


15.9 


-4 


U59 


30,000 


5*2 


770 


656 


12.9 


-5 


393 


25,700 


546 




695 


10.5 


-6 


323 


21,100 


5U5 


858 


701 


8.38 


-7 


599 


39.200 


550 


763 


656 


20. 4 



Pinned Tube (6- in. fins) (distance "between pressure taps, 6.20 ft) 



LL-1 


586 


38.300 


5*9 


780 


661+ 


23.6 


15.9 


-2 


520 


34,100 


553 


790 


671 


18,7 


12.4 


-3 


331 


21,700 


546 


872 


709 


10.0 


6.26 


-4 


556 


36.U00 


546 


797 


671 


20.5 


13.5 



♦Corrected to 78 0 P. (See equation (31) and footnote on table III of this 
report . ) 
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FINNED TUBE (52") 




CROSS - SECTIONAL AREAS 

AIR SIDE = 0 01526 ft 2 
GAS SIOE = 0.0286 ft. 2 

HYDRAULIC DIAMETERS 

AIR SIDE = 0.0460 ft. 
GAS SIOE = 0.0688 ft. 

FINNED TUBE (6") 




CROSS-SECTIONAL AREAS 
AIR SIDE = 0.0I5P.6 ff. ; 
GAS SIDE = 0.0286 ft. ; 



HYDRAULIC DIAMETERS 

AIR SIDE = 0.0460 ft. 
GAS SIDE = 0.0688 ft. 
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Rate of ha at transfer a function 
of distance from leading edge 



Rate of heat transfer independent 
of distance from leading edge 



Figs. 3, 8 
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fig. 3 



MIXING CHAMBER 



TRAVERSING 
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TRAVERSING THERMOCOUPLE 
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SECTION B-B 
PLATES 
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Isothermal Pressure Drop 
Calculated from Non- 
Isothermal Data 



o Measured isothermal 
Pressure Drop 



fig. 5 
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ISOTHERMAL AND NON - ISOTHERMAL 
PRESSURE QRO_P FQR. FINNED TUBE 

(6' FINS) 



Isothermal Pressure 
Drop Calculated from 
Non - Isothermal 
Pressure Drop 



Isothermal 
Pressure Qrgfi 



EXPERIMENTAL POINTS 



Measured Non- isothermal 
Pressure Drop 



x Isothermal Pressure Drop 
Calculated from Non- 
Isothermal Data 



o Meaeured Isothermal 
Pressure Drop 

fig. 6 
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figure 9«- Longitudinally finned tube. 
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Figs. 11,12 
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TEMPERATURE RATIO ** i' & RATIO 4- VS NUMBER OF FINS 

t- Ti """ox 



FOR LONGITUDINALLY FINNED TUBES 




X= ^yiifk tanhy^L + fOrD-nslj 



X= Length of tube 



Assuming: 



W=500 lb»/hr 

c p = 0.242 BTU/lb. "F. - 

s = 0.0052 ft. (1/16") 

L = 0.0625 ft. (3/4") 

k = 250 BTU/hr. ft?(*F/ft„) 

f = 20.0 BTU/hr. ft? 

D= 0.1667 ft. (2") I 
_l I I _L ' I 



n, NUMBER OF FINS 



Fi g . 1 2 
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Figs. 13,14 
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Fig. 13 
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Fig. 14 
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